Fatty acid components, in both the free and combined form of the intact tropical lichen Teloschistes flavicans, and its isolated photobiont and mycobiont, were analyzed by GC-MS of derived methyl esters. Its rDNA analysis confirmed that the isolated cultured symbionts belong to the genera Trebouxia and Teloschistes, respectively. The fatty acid composition of the lichen did not correspond to those found in the isolated symbionts, suggesting that the fatty acid metabolism is markedly influenced by the symbiosis. Differences in the fatty acid composition in the lichen were observed during the summer (27°C), when the main fatty acids were saturated and in the winter (22°C) when an increase of unsaturated fatty acids occurred. Similar differences of composition were also observed for the cultured mycobiont at different temperatures. The increase in the unsaturation level at low temperatures would maintain the membrane fluidity. Our results are the first on the fatty acids of a tropical lichen and suggest that it is sensitive to small temperature variations, which influences its saturated and unsaturated fatty acid composition.
Introduction
Lichens have a symbiotic association between two or more organisms, namely a fungus (mycobiont) and one or more alga and/or cyanobacteria (photobiont). The thallus of the lichen has morphological characteristics that distinguishes it from each symbiont in its isolated state [1] . Many studies have focused on component polysaccharides, secondary metabolites and fatty acids of isolated bionts [2] [3] [4] . These have shown the ability of the mycobiont to produce some of the compounds found in the intact lichen, such as polysaccharides [4] and secondary metabolites [2] .
Recently, studies carried out on the lichen Physconia distorta and its isolated mycobiont, have suggested an intimate relationship between the synthesis of secondary metabolites and its fatty acid metabolism, and showed that the mycobiont, cultured in a glucoseenriched media, high amounts of NAD(P)H were needed, so that the formation of fatty acid synthase was favored [5] . In the intact lichen, high amounts are unnecessary so that secondary metabolites synthesis is predominant. Differences in culture conditions have also been used to explain structural variations in components of the photobiont, mycobiont, and isolated fungus [3, 6, 7] .
A key factor in fatty acid metabolism is the temperature. It has been demonstrated in lichens, that the degree of unsaturation varies with the season, and decreases with increase of temperature [8, 9] , a phenomenon that also occurs in plants [10, 11] . As far as we know, all the data in the literature concern lichens of temperate regions, where the amplitude of seasonal temperature variation is high [8, 9] . Piervittori et al. [12, 13] found a different behavior in Xanthoria parietina growing at high elevations, an increase of unsaturated fatty acid contents occurring at a higher temperature and humidity.
We now compare the composition of total fatty acids, namely in the free and combined form, present in the thallus and apothecia of the lichen Teloschistes flavicans, growing in a tropical habitat as well as those present in its cultured mycobionts and photobionts.
Materials and methods

Collection and manipulation of lichen material
The lichen T. flavicans was collected from stunted trees growing in a ''restinga'' environment (sand banks, close to the sea, virtually at sea level) at 25°32 0 05 00 S/48°2 0 0 30 00 W, on the Ilha do Mel, Pontal do Paraná, State of Paraná, Brazil. Collection was carried out during February (summer) and August (winter) of 2003. The average temperatures of the collection site were obtained from: http://www.iapar.br/Sma/Cartas_Climaticas/ Temperatura.htm.
As a first step in the comparative analysis of fatty acids present in different parts of the lichen thallus, they were manually dissected. The selected parts were: intact lichen (IL), apothecia (A), lichen without apothecia (LWA), as well as the isolated mycobiont (MY) and photobiont grown in two media, namely a Trebouxia medium (P TM) and Bolds basal medium (P BBM).
Mycobiont isolation and culture conditions
Mycobiont cultures were grown starting from multispore germination, according to Stocker-Wö rgö tter, [14] . The apothecia were accordingly selected from the fresh thallus and fixed in the cover of a Petri dish using solid sterile vaseline. After two days, the spores were discharged into the BBM medium [1] , the cover then replaced with a clean one, and the plate left for the spores to germinate. This started after two weeks, at which time they were transferred to tubes containing the LBM or MY medium [1] .
After three months, small colonies were observed. These were then transferred to plates containing the LBM medium and left to grow with a 12 h light/12 h dark periodicity at temperatures of 22 and 27°C. After 3 months, colony samples were collected, freeze dried and the fatty acid analyses performed.
Photobiont isolation and culture conditions
Photobiont cultures were obtained from thallus fragments of T. flavicans, following the method of Yamamoto [15] , and inoculated into tubes containing the TM (Trebouxia)-agar medium [1] .
After three weeks, the tubes containing contaminating microorganisms, such as fungi, yeast or bacteria, were discarded. In others, the pure lichen photobiont appeared from small segments after $6-8 weeks, and growing contamination-free algae were transferred to slants or Petri dishes containing inorganic 2% agar-BBM [1] . For morphological evaluation, the photobionts were transferred to the inorganic BBM, cultivated for 4 weeks, and kept in a culture chamber at 24°C with an alternating daily light/dark cycle of 12/12 h. Their morphological characters and life cycle were evaluated by light microscopy.
In order to obtain material for fatty acid analyses, culture was carried out for during 30 days under the above conditions in BBM and TM. The products were then centrifuged at 10,000 rpm for 5 min and the cell pellet washed 3 times with water and then freeze-dried.
DNA extraction, PCR and sequencing
Total DNA was extracted according to a modified CTAB method [16] . DNA-extracts were used for PCRamplification of the ITS regions, including the 5.8S gene of nuclear rDNA. The algal-specific ITS primers ITS1T and ITS4T [17] were used for amplification of the rDNA from lichens with Trebouxia photobionts and the cultures of the photobionts of T. flavicans, while the primers ITS1R and ITS 4 [18] were used to amplify the rDNA from the lichen and its mycobiont.
Amplifications were performed in 30 lL reactions (7.05 ll H 2 O, 3 lL dNTPs [1 mM], 1.5 lL of each primer [10 pM], 0.15 lL Taq DNA-polymerase, 12 lL DNA extract and 1.8 lL MgCl 2 ). Amplification conditions for 35 cycles were: denaturation at 95°C for 1 min, annealing at 56°C for 1 min, and elongation at 72°C for 90 s for the primer pair ITS1T/ITS4T. The annealing temperature was decreased to 52°C for the primer pair ITS1R/ITS4. PCR products were cleaned using QIAGEN quick spin columns (Qiagen) and quantified on a 1% agarose gel stained with ethidium bromide. Both complementary strands were sequenced using the primers ITS1T, ITS4T [17] , ITS 2 and ITS 3 [18] . Sequencing was performed using a Dye Terminator Cycle Sequencing Ready Reaction Kit (APPLERA, Vienna), according to the manufacturerÕs instructions, with detection using an ABI310 APPLERA automated sequencer. Sequences were assembled into full-length sequences using an Autoassembler. The ITS rDNA sequences now obtained were compared with available Trebouxia and Teloschistes-ITS sequences from GenBank.
Fatty acid extraction and analysis
Free and combined fatty acids were extracted together and analyzed by GC-MS according to Sassaki et al. [19] . Each product (30 mg) was extracted with a CHCl 3 -MeOH mixture (2:1 v/v; 9 mL) at 80°C for 2 h, this procedure being repeated 3 times. For analysis of fatty acid composition, the extract (10 mg) was methanolyzed by refluxing in 3% HCl in MeOH for 2 h [19] . The resulting fatty acid methyl esters (FAMEs) were extracted from MeOH with n-hexane and were analyzed by GC-MS using a Varian model 3800 gas chromatograph linked to a Varian ion trap, model 2000R mass spectrometer. FAME mixtures were analyzed using their R t values and EI-MS profiles, and compared with those of standards (Sigma products for lipids). GC was performed using a DB-225 capillary column (30 m · 0.25 mm i.d.), programmed from 50 to 180°C and 200°C (40°C min À1 ), then hold. The carrier gas was He with a flow rate of 2 mL min À1 .
Results and discussion
Isolation and culture of symbionts
The mycobiont of T. flavicans ( Fig. 1(a) ) was isolated using the multispore germination technique. After fixing in the cover of a Petri dish, the ascospores of T. flavicans were discharged in packages of eight spores. After three days, the spores started to germinate, and after two weeks it was possible to recognize well developed hyphae ( Fig. 1(b) ). The colonies were then transferred to plates containing LBM and left for three months (Fig.  1(c) ). ITS rDNA analysis of the isolated mycobiont confirmed that it belonged to T. flavicans (data not shown).
Photobionts of T. flavicans were present as light green colonies on the surface of TM-agar. When transferred to inorganic Bolds basal medium (BBM) [1] and cultivated for 4 weeks, the mature vegetative cells of the photobiont, Trebouxia sp. of T. flavicans, were spherical (Fig.  1c) , 8-12 lm in diameter, uninucleate, with a nucleus located in the invagination of the chloroplast. This was axial, with short lobes, and contained one pyrenoid distinct from a discontinuous starch sheath in the central portion. Asexual reproduction by autospores, zoo-and aplanospores was observed (sensu Tschermak-Woess [20] ). The zoosporangia contained several flagellated zoospores, which were released by rupture of the mother cell wall (Fig. 1(d) ).
The ITS rDNA of the isolated algae indicated that the it belonged to the genus Trebouxia, being closely related with the UTEX strains Trebouxia galapagensis (UTEX 2230) and Trebouxia higginsiae (UTEX 2232). These strains are in agreement with other authors, who placed them in Clade IV of the Trebouxia phylogeny [21, 22] .
Fatty acid composition
The fatty acids produced by the cultured green algal photobiont Trebouxia sp., the lichen mycobiont, and intact T. flavicans were analysed by GC-MS of derived FAMEs. The photobiont was grown in TM and BBM, which differ in their organic component. For the mycobiont, the culture was grown for three months at 22 and at 27°C. To detect a possible seasonal variability in the fatty acid composition, the lichen was sampled during the winter (August) and summer (February). The complete GC-MS profile of fatty acid FAMEs is shown in Table 1 .
The yield of the chloroform-methanol extract did not vary significantly according to the season with intact T. flavicans and its isolated mycobiont. The apothecia, however, gave a yield of almost twice those of the others, probably due to the high amount of other secondary metabolites present.
The major fatty acids present in the thallus of T. flavicans were found to change with the season and its temperature (Table 1 ). The saturated fatty acids, palmitic and stearic, were the most abundant in February, at the height of summer, when the average temperature was about 23°C. However, in the winter month of August, with an average temperature of about 18°C, there was an increase in the unsaturated fatty acids, oleic and linoleic. No seasonal variation in composition occurred in the apothecia of the lichen.
Studies have been carried out on temperatureinduced changes in the fatty acid composition of lichens. However, all the studies were conducted on lichens in regions with more pronounced differences in summer and winter temperatures. Dembitsky et al. [8] for example, observed a decrease in the unsaturated fatty acids of Xanthoria parietina, when it underwent a temperature change from À7 to 23°C in only three months. We now show that in a tropical environment, even with variations of only 5°C in two well-delimited seasons, the increase of fatty acid unsaturation level is related with the temperature decrease. It has already been suggested that in plants, a change in lipid metabolism is an adaptation to low temperatures, when an increase in the unsaturation level results in an increase in membrane fluidity [8] [9] [10] [11] .
When the mycobiont was grown at different temperatures, the same response occurred. Unsaturated fatty acids comprised 52% of total fatty acids with growth at 22°C, whereas at 27°C this decreased to 28%. It was not possible to observe any such variations in the cultured Trebouxia sp. photobiont, as it did not grow at 27°C. Table 1 Fatty acid methyl esters (FAMEs) of the mycobiont, photobiont and thallus of Teloschistes flavicans On comparison of the fatty acid contents of tropical and temperate lichens, using a seasonal parameter (Fig. 2) , it is evident that in the tropical samples, even the small variation of temperature has a great effect on fatty acid metabolism. Varying the temperature by 5°C the saturated fatty acids of T. flavicans increased from 40% to 95%. In contrast with Xanthoria parietina, a lichen growing in temperate zones from the same family Teloschistaceae, a rise of 30°C increased the contents of saturated fatty acids from 32% to 40% [8] .
The photobiont gave a higher yield of lipids, when grown in TM, which is composed of glucose and peptone as organic sources of carbon and nitrogen respectively. This result might be expected, since there was an energy source resulting in a considerable production of energy reserve compounds, such as stearic and palmitic fatty acids when TM and BBM were used. Relatively low amounts of other saturated and unsaturated fatty acids were found when the photobiont was cultured in TM (Table 1) .
In order to investigate a part of the thallus containing a higher proportion of fungal tissue, we compared the fatty acid composition of the apothecia with that of the thallus. However, no significant difference was found and this can be explained by the morphology of the T. flavicans apothecia, which is lecanoric, so that the algal layer is also present in the apothecia tissue. Some differences would be better visualized if lichens with apothecia without algal layer were studied.
The data show that even in tropical environments, a very short variation in the temperature amplitude, such as 5°C, promotes a difference in the unsaturation level of the fatty acids in T. flavicans. The increase of unsaturated fatty acids found in lower temperatures are necessary to maintain a similar level of membrane fluidity under this environment. We also observe that the overall fatty acid composition of the isolated symbionts does not correspond with that of the intact lichen ( Table 1) , and that neither that of the mycobiont is related with that of the apothecia. This behavior reflects the differences between products grown in vitro and in vivo. [8] . ** data obtained from Dembitsky et al., [9] .
